
-A179 751 CHANNELING-RADIATION MEASUREMENTS AT LAURENCE LIVERMORE i/1
NATIONAL LABORATORYLU) STANFORD UNIV CALIF SOLID-STATE
ELECTRONICS LAB 8 L BERMAN ET AL 1985 ARO-18133 93-EL

UNCLASSIFIED DAAG29-i-K-857 F/G 2812 NL



La~ I

1.51 -I

MICROCOPY RESOLUTION4 TEST CHART

NATVW*L 9UIAAA Of STANDARDS 196 A



ULS Et MASTER COPY FOR REPRODUCTION PURPOSES
,URrY 'ULSSIFICATION OF THIS PAGT'
UR'" YREPORT DOCUMENTATION PAGE

Ln REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

Unclan i f i ei _____________________
SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/ AVAILABILITY OF REPORT

0) OECLASSIFICATIONIDOWNGRADING SCHEDULE Approved for public release;

distribution unlimited.

DERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

ARO 18133.93-EL

NAME OF PERFORMING ORGANIZATION |6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
(if applicable)

Stanford University Mcl 226 U. S. Army Research Office

ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
Solid State Electronics, McCullough 226 P. 0. Box 12211
Stanford University Research Triangle Park, NC 27709-2211

Stanford, California 94305

8a. NAME OF FUNDING /SPONSORING 18b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION1 (If applicable)
U. S. Army Research Office DAAG29-81-K-0057

8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

P. 0. Box 12211 PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. ACCESSION NO.

Research Triangle Park, NC 27709-2211

11. TITLE (Include Security Classfication)

Channeling-Radiation Measurements at Lawrence Livermore National laboratory

12 PERSONAL AUTHOR(S)
J. 0. Kephart, R. K. Klein, R. H. Pantell and H. Park

13a. TYPE OF REPORT 13b. TIME COVERED _ 14. DATE OF REPORT (Year, Month, Day) S. PAGE COUNT
Technical IFROM _____TO 1

16 SUPPLEMENTARY NOTATIONThe view, opinions and/or findings contained in this report are those

of lhe authr(5) and shyuld not be const ugd as an fficial Department of the Army position,

17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP Channeling-radiation data

,\A;3STRACT (Continue on reverse if necessary and identify by block number)

-n the past few years, the amount and quality of channelingyradiation data have increased

enormously, owing largely to much improved experimental capabilities. Current results

include improved interplanar potentials for diamond, the description of the effect of

platelets in diamond as an average thermal vibration, an improved determination of the

Debye temperature of silicon, an improved determination of the thermal-vibration amplitude

of LiD, and the demonstration that LiF crystal. structures can survive intense electron

bombardment. DTIC
.1."LECTE

MAY 0 1987

'") 1STR13UTONAVALABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
1 JIJNCLASSIFIED/IJNLIMITED 0 SAME AS RPT. -DTIC USERS Unclassified

,2a ",ANtE '2, ;ESPO%SBLE 'NO)IViDUAL 22b TELEPHONE (Inciude Area Code) 22c. OFFICE SYMBOL

DO FORM 1473.84 MAR 83 APR edition may be used until exhausted. SECURITY CLASSIFICATION OF THIS PAGE
All other editions are obsolete UNCLASSIFIED



Nuckar Instruments and Methods in Physics Research B10/l (1985) 611-617 611
North-Holland, Amsterdam

CHANNELING-RADIATION MEASUREMENTS AT LAWRENCE LIVERMORE
NATIONAL LABORATORY

B.L. BERMAN * and B.A. DAHLING
Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550, USA

S. DATZ
Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA

J.O. KEPHART, R.K. KLEIN, R.H. PANTELL and H. PARK
Department of Electrical Engineering Stanford University, Stanfor4 CA 94305, USA

In the last few years, the amount and quality of channeling-radiation data have increased enormously, owing largely to much
improved experimental capabilities. Current results include improved interplanar potentials for diamond, the description of the effect
of platelets in diamond as an average thermal vibration, an improved determination of the Debye temperature of silicon, an improved
determination of the thermal-vibration amplitude of LiD, and the demonstration that LiF crystal structures can survive intense
electron bombardment.

1. Introduction paper. A more extensive review of channeling-radiation
experiments performed both at LLNL and elsewhere

At the 6th Conference on the Application of Acceler- will appear shortly [30].
ators in Research and Industry in 1980 we reported [1]
the discovery of channeling radiation at Lawrence
Livermore National Laboratory (LLNL) [2-4], the mea- 2. Diamond
surement of some of its properties [2,4,51, our early
attempts to fit the data with phenomenological theories Perhaps the best crystal with which to study channel-
[6,7] (see also refs. [8-10]), and some prognostications ing radiation is diamond, because of its high Debye
as to its future applicability (see also refs. [11-13]). temperature and its low Z. These are desirable because

Since that time, we have greatly improved our the primary limitation on the coherence length for elec-
experimental capabilities, and we have extended our tron channeling results from the atomic thermal vibra-
channeling-radiation studies considerably, both with tions, and the cross section for this scattering process
positrons and electrons from the LLNL Electron-Posi- varies as - Z 2 and increases with vibrational ampli-
tron Linear Accelerator, on a variety of crystal species. tude, which decreases as the Debye temperature
These include, in addition to silicon, LiF [14-16], increases. A large coherence length in turn implies nar-
germanium [171, and diamond, both with and without row spectral line structure. Indeed, the first measure-
platelets [18-22] (see also ref. [23]). Most recently, we ment of channeling radiation from diamond [31] showed
have studied channeling radiation from LiH and LiD remarkably sharp structure.
[24], BeO [25], tungsten [26], and GaAs [27]. Our recent results for the (110) channeling-radiation

A recent description of our experimental apparatus spectra at three incident electron-beam energies are
and procedures can be found in ref. [21]. Our theoretical shown in fig. 1, together with the many-beam calcula-
analysis now is based upon the quantum-mechanical tion of transition energies and strengths from the
many-beam formalism (also see ref. [21]), first utilized "standard" Hartree-Fock potential (see ref. [21] for
in this field by Anderson et al. [28,29]. Examples of a details). It can be seen that there is reasonable agree-
number of current topics are described briefly in this ment between experiment and theory, although there is

a slight tendency for the calculated transition energies
Present address: Department of Physics, George Washington to lie higher than the experimental spectral peaks. For
University, DC 20052, USA. the (111) plane, however this tendency is much exag-

V. ION IMPLANTATION...
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Fig. 1. The (110) potential and eigenvalues (parts (a), (c), and (e)] and channeling-radiation spectra [parts (b), (d), and (f)] for
16.9-MeV, 30.5-MeV, and 54.5-MeV electrons, respectively, channeled in diamond. Note the increase with electron-beam energy of
the line energies and linewidths.

gerated, as shown in fig. 2. Because a (111) potential quantitative measure of this asymmetric charge distribu-
obtained from X-ray diffraction data and especially an tion [21].
empirical potential fitted to the data both are shallower
than the standard potential and both fit the data better,
we believe that the fact that significant charge in the 3. Platelets
diamond crystal is distributed along the (111) valence-
bonding direction alters the (111) interplanar potential Platelets in diamond [nitrogen mono- or di-layers
as shown in the figure, and in fact these data serve as a precipitated along the (100) planes] influence the chan-
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Photon energy (keV) (with platelets; open data points) and Type-ha (without plate-

lets; closed data points) diamonds for (a) 54.5-MeV and (b)
30.5-MeV incident electrons. Note in particular the energy shift

Fig. 2. (a) (111) potentials for diamond: the "standard" many- for the 1 - 0 transition. (c) (100) potentials for diamond: the
beam potential (dashed curve); a potential based upon X-ray one which uses the accepted value of 0.040 A for the thermal-
diffraction data (light solid curve); and an empirical potential vibration amplitude, as is appropriate for the Type-Ila di-
based upon the best fit to the 30.5-MeV data (heavy solid amond (solid curve) and the one which uses the value of 0.055
curve), together with the corresponding eigenvalues. (b) The A, which arises from the best fit to the data for the Type-la
(111) spectrum for 30.S-MeV electrons, together with the diamond (dashed curve).
calculated spectra obtained from the standard (dashed curve)
and X-ray diffraction (light solid curve) potentials. (c) The
same spectrum, together with the spectra calculated from the neing radiation dramatically 119-22]. In particular, they
X-ray diffraction (light solid curve) and empirical (heavy solid cause an energy shift in the (100) spectral lines, as
curve) potentials. shown in fig. 3. We have shown recently that these

V. ION IMPLANTATION...
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lineshifts can be accounted for by equating the lattice 150 I
distortion caused by the platelets with a large average 1110)
thermal-vibration amplitude perpendicular to the (100)
planes and hence to the platelets. The (100) potential so
altered also is shown in fig. 3; the numerical results are
given in ref. (22]. These results also serve to show that
channeling radiation can be used as a sensitive diagnos- 5 100 (100)
tic probe of impurities and defects in crystals.

ISilicon
4. Debye temperature 1 -. 0 transitions

5o- T =495 K
Although some results on the dependence of chan- i Debye

neling-radiation transition energies upon temperature
have been published previously [32-34], only recently
have we been able to study the shifts in transition
energies and linewidths for many planar transitions
down to near-liquid-nitrogen temperature. Some of these I I
results, namely those for the (100) and (110) spectra for -200 -100 0

54.5-MeV electrons in silicon (taken from ref. [35]). are Tempwvture (CC)
shown in fig. 4. The temperature dependence of the Fig. 5. Temperature dependence of the channeling-radiation

transition energies for the 1 -- 0 transitions of 54.5-MeV elec-
trons channeled along the (100) and (110) planes in silicon. The

1500 I I fits to these data (solid curves) yield a consistent value of

Silicon 495 ± 10 K for the Debye temperature of silicon. Curves corre-

1200 -- (a) sponding to a Debye temperature of 543 K would exceed the

(100) curves shown here by approximately 10 keV.

s 900

-. transition energies for the lowest-lying energy levels (the
-" 1 -- 0 transitions), shown in fig. 5, is sensitively depen-

. * " .dent upon the assumed Debye temperature. These data
300 - consistently yield a value for the Debye temperature of

silicon of 495 ± 10 K, in sharp disagreement .Aith the
0 1 value of 543 ± 8 K obtained from X-ray diffraction

studies [36]. Various theoretical models yield results
which vary from 500 to 530 K [37]. Our results thus

1000 , , I I serve to show that channeling-radiation data can be
(b) used to determine Debye temperatures.

900 (110)

600- 5. UH and L
C

400  .'Our recent results for LiH and LiD [24] show two
interesting effects for these lowest-Z crystals. One is the

20- largest disagreement to date between measured and
calculated transition energies, as shown, for example, in

0 25 fig. 6 for the case of 54.5-MeV positrons and electrons
0 . 25 so 75 100 125 150 incident along the (100) and (110) planes of LiH. The

Photon mww kVI other can be seen in fig. 7, where (110) channeling-radi-

Fig. 4. Superposed channeling-radiation spectra for 54.5-MeV ation spectra from LiH and LiD (both obtained at room
electrons incident along the (a) (100) and (b) (110) planes of temperature) are superposed. It is immediately evident
silicon for two different temperatures: (a) - 190°C (heavy data that the value of the thermal-vibration amplitude for
points) and + 50C (light data points); (b) - 180°C (heavy data LiD is smaller than that for LiH, as one would expect
points) and + 70C (light data points). Note the large energy from the fact that deuterons are heavier than protons,
shifts of the I -. 0 transitions, and so cause LiD to appear as a low-temperature ver-
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Fig. 6. Channeling-radiation spectra for LH both for 54.S-MeV positrons; incident along the (a) (100) and (b) (110) planes and for
54.S-M.?V electrons incident along the (c) (100) and (d) (110) planes, together with the calculated transition energies and strengths
(vertical lines) obtained from the standard many-beam theoretical treatment. Note the very large discrepancies between experiment
and theory.

2000 6. Damaged UF

_ Perhaps the most important potential application of

S - . channeling radiation is as an intense, easily tunable
I source of monochromatic, forward-directed, polarized

ahotnphotons. In order to test whether one could continue to
F 1000 h da ta produce channeling radiation from a crystal that had

~i 'Vundergone extensive radiation (by the electron beam
500- LH that produces the channeling radiation), we irradiated a

'~ / number of identical LiF crystals with various large
45,beam fluxes of 54.5-MeV electrons. Some of the results

0 20 40 60 so 100 of this first exploration of this effect [39] are shown in

Photon ergy (kdV) fig. 8. These (100) channeling-radiation spectra for 54.5-

Fig. 7. Superposed-radiation spectra for 54.5-MeV electrons MeV positrons show a remarkable survivability of
incident along the (100) planes of Lil (triangles) and LiD enough of the crystal structure of (easily damaged, LF

(squares). Note that the LiD spectrum resembles a s to continue to produce channeling radiation even after

that one might expect to obtain from a cooled LiH crystal. very large radiation doses.
We also learn something about crystal damage mech-

anisms from such studies. In fact, from the linewidths of

the irradiated LF crystals, the density of defects can be
estimated, and from this density the cross section for

atomic knockout is determined to be - 700 b. In comn-
sion of Li . This result, however, contradicts the previ- parison, the cross section for silicon for the same expert-

ously accepted value for LiD which (incredibly) is larger mental parameters has been calculated to be - 200 b
than that for LiH [381. This is the first identification of [401. Therefore, the damage rate in LiF is approximately

an isotopic effect in a crystal by channeling radiation. 3.5 times the rate in silicon. In addition, the electron-

V. ION IMPILANTATION.



616 B.L Berman et al. /Channeling -raiation measurements

W' I 'channeling data show that the Li atoms are more easily
(a) Li displaced from their lattice sites than the F atoms, as

0+ expected.
54.5 M.V
(100)

7. Conclusion and perspective

Channeling-radiation studies have come of age. Not
- - only are the properties of channeling radiation them-

selves of great interest, but channeling-radiation mea-
surements have shown themselves to be sensitive di-
agnostic tools for the determination of the properties

_____________________________both of perfect and of damaged, defective, or impure
(b) crystals. Finally we are a step closer to the use of

channeling radiation as a powerful and versatile photon
source.
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